A complementary metal oxide semiconductor (CMOS) image sensor is an intriguing technology for the development of a novel biosensor. Indeed, the CMOS image sensor mechanism concerning the detection of the antigen-antibody (Ag-Ab) interaction at the nanoscale has been ambiguous so far. To understand the mechanism, more extensive research has been necessary to achieve point-of-care diagnostic devices. This research has demonstrated a CMOS image sensor-based analysis of cardiovascular disease markers, such as C-reactive protein (CRP) and troponin I, Ag-Ab interactions on indium nanoparticle (InNP) substrates by simple photon count variation. The developed sensor is feasible to detect proteins even at a fg/mL concentration under ordinary room light. Possible mechanisms, such as dielectric constant and refractive-index changes, have been studied and proposed. A dramatic change in the refractive index after protein adsorption on an InNP substrate was observed to be a predominant factor involved in CMOS image sensor-based immunoassay.
Introduction
Recent studies concerning immune-based detection have mainly been focusing on label-free sensors in order to make an easy, quick, highly sensitive, and inexpensive diagnostic assay. Among optical-based label-free sensors, the complementary metal oxide semiconductor (CMOS) image sensor has shown potential impact on biological applications. 1 Presently, the CMOS image sensor and its sensor chip show some potential applications in the field of clinical, biological, and environmental monitoring. The CMOS image sensor has been used as a miniaturized cytometer to count blood cells and microbes, 2 and used for cancer-cell detection with a chemiluminescence method. 3 Moreover, the CMOS image sensor chip was modified into an impedance sensor, 4 and used for microarray generation to detect DNA-DNA hybridization and also for the detection of antigen-antibody (Ag-Ab) interactions. 5, 6 Even though the Ag-Ab interaction has taken place on CMOS image sensor chips, the final interaction has been confirmed by other devices, such as SEM, atomic force microscopy (AFM) and luminescence or fluorescence-based detections. 7, 8 Our group has tried to develop a simple and highly sensitive diagnostic method based on the CMOS image sensor for the detection of Ag-Ab interactions on indium nanoparticle (InNP) substrates. 1, 9, 10 Protein adsorption takes place on any surfaces, like glass, metals, nanoparticles, and plastic. However, a protein cannot adsorb on the same protein, itself, without a proper receptor site. 11 Protein adsorption on a variety of surfaces can possibly lead to biological and biomedical applications. This adsorption process integrated with nanoparticles is helpful to carry out biological assays. Commonly, solid surfaces deposited with gold nanoparticles are used to carry out some experiments involving DNA-DNA hybridization and Ag-Ab interactions. A gold nanoparticle-based plasmonic sensor is involved in biological applications, and it has shown very successful results in HSA-HSA antibody interactions. 12 However, it has some drawbacks, such as repulsion forces due to citrate ions and non-uniformity of self-assembled monolayer (SAM) formation, which makes problems concerning the reliability of analysis. 13 Various metal substrates have been used for protein adsorption and characterization methods, such as conventional transmission spectroscopy, surface plasmon resonance (SPR), ellipsometry, AFM, quartz crystal microbalance (QCM), and X-ray photoelectron spectroscopy (XPS). 14, 15 Indium is one of the metals used for immunological analysis without any toxicity. 16 It is not required to form SAM and to fix proteins on an indium substrate with spotting robots. Also, the present research group has been utilizing InNP substrates for the adsorption of various proteins for their interaction with some specific antibody based on the CMOS image sensor detection method. 1, 9, 10 Troponin I and C-reactive protein (CRP) are markers of cardiovascular disease, and have been analyzed for heart injury and heart attack. CRP markers are secreted by the liver and released into the blood when a person is injured, or experience inflammation, cancer, heart-related diseases, and viral and bacterial infection. 17 Similarly, troponin I can be released by a damaged cardiac muscle during inflammation, chronic heart disease, kidney disease, and other severe pathologies. Various types of conventional immunoassays, like fluorescence immunochromatography, enzyme-linked immuno sorbent assay (ELISA), 18, 19 immunoturbidimetric assay, and electroluminescence (EL), 20, 21 have been followed for the detection of cardiovascular disease markers of troponin I and CRP. All of these are expensive and time-consuming methods.
This study was attempted to determine the Ag-Ab interaction on the InNP substrate with quantification of the photon count by the CMOS image sensor in the form of digital numbers. Based on the photon number, different concentrations of Ag-Ab interaction have been confirmed. This detection system could be incorporated into a smart phone or other compact medical diagnostic devices. The main focus of this research is to demonstrate the highly sensitive detection of the Ag-Ab interaction of cardiovascular disease markers by a simple method based on the CMOS image sensor, and understanding its underlying mechanism for the detection of the Ag-Ab interaction by simple-photon count measurements. The mechanism is discussed concerning various points of view, including thickness measurements and optical constants, such as the refractive index, dielectric constant and extinction coeffieient.
Experimental

Materials
The NOON010PC30L is a 110000-pixel single chip CMOS sensor used for photon count measurements, and was sponsored by Silicon File Technologies Inc. This sensor chip contains 376 × 314 multi-pixel photon arrays, and is connected to a 10-bit analog-to-digital converter (ADC) to convert photons into the digital form. Cardiovascular disease markers, such as CRP and troponin I proteins and their respective primary antibodies (rabbit polyclonal antibody to CRP and sheep polyclonal antibody to troponin I protein) and secondary antibodies (duck polyclonal secondary antibody to rabbit IgG and rabbit polyclonal seconadary antibody to sheep IgG), were purchased from Abcam, Seoul, South Korea. The negative control of bovine serum albumin (BSA) protein and sodium chloride (NaCl) were purchased from Sigma Aldrich. Deionized water (18.2 MΩ) was used from a Milli-Q water polishing system.
Thermal vapor deposition
Thermal vapor deposition of indium on cover glass slides was executed by a Daki thermal evaporation machine by using the parameters mentioned in the previous report. 1, 10 Importantly, the thickness was controlled by using the 0.5 to 1.0 Å speed parameters.
According to the protocol on the thermal evaporation machine, the thickness of indium film on a coverslip was determined to be approximately 10 and 20 nm. However, the exact InNP film thickness was confirmed by an ellipsometry method, and was found to be 18.59 and 28.77 nm. All of the indium-deposited films were washed with deionized water, dried and used for CRP and troponin I Ag-Ab interactions.
Sample preparation and immunoassay
Two cardiovascular disease markers, CRP and troponin I, were prepared by using 0.85% sodium chloride (NaCl) to adjust the final concentration of 20 μg/mL. Then, CRP and troponin I Ag samples were added on the 8 InNP substrates (4 substrates for CRP and another 4 for troponin I). After incubation for 10 -15 min, the substrates were washed with water and exposed on a CMOS image sensor to analyze the photon number, which are blocked by the Ag layer. Then, 100 μg/mL, 100 ng/mL, 100 pg/mL and 100 fg/mL concentrations of the respective primary Ab of both proteins, such as rabbit polyclonal antibody to CRP markers and sheep polyclonal antibody to troponin I protein, were prepared by using 0.85% NaCl solution, and added onto the respective Ag added substrates. The substrates were then incubated for 30 min at room temperature. After incubation, they were washed with water and exposed on the CMOS image sensor so as to analzye any photon blocked after Ag-primary Ab binding. Finally, a 1 μg/mL concentration of the secondary Ab of both proteins, such as duck polyclonal secondary antibody to rabbit IgG and rabbit polyclonal secondary antibody to sheep IgG, were added onto the respective Ag-primary Ab bound substrates and incubated for 60 min. Then, the substrates were washed and analyzed by a CMOS image sensor to find any photons hitting the sensor surface after passing through the protein layers. In this study, both 10 and 20 nm InNP substrates were used for Ag-Ab interactions. The same procedure was followed concerning both thicknesses of the InNP substrates for each protein.
For negative control, 10 and 20 nm InNP substrates were treated by the BSA protein instead of CRP and troponin I Ag samples, and then CRP and troponin I primary and secondary Ab were added. The substrates were exposed on the CMOS image sensor, as mentioned above. The details concerning sample preparation and the immunoassay methods are described elsewhere. 10 A schematic representation of the sample preparation and methodology of immunoassay are shown in Fig. 1 . All photon-count measurements on the CMOS image sensor were carried out under normal room light.
Film thickness and optical constants
Film thickness and optical constants were measured by spectroscopic ellipsometry. The thickness was measured for InNPs films before and after each addition of CRP and troponin I markers and their respective antibodies. The same films were used for determining the refractive index and extinction coefficient measurements at 450 nm. Results concerning the refraction light and extinction coefficient of the protein adsorbed and non-adsorbed InNP substrates were obtained.
Results and Discussion
Detection of Ag-Ab interaction by CMOS photon count
Photodiode absorbs any light passing through the sensor lens, and converts it to electrical energy. This electrical energy is converted into a digital form with the help of an ADC. This is a simple method for analyzing the change in the photon count when light passes through a transparent substrate with various surface modifications. When light passes through 10 and 20 nm InNP substrates, the digital values show 108 and 95, respectively, for example. Followed by the addition of Ag on the substrate makes a single thin layer above the substrate, and exposure to a CMOS lens shows a decline in the photon count. Similarly, different concentrations (100 μg/mL -100 fg/mL) of specific primary Ab were added onto the Ag bound substrate, which blocked more photons than that of the Ag layer alone. Also, the photon count increased when the concentration of primary Ab was gradually reduced from 100 μg/mL to 100 fg/mL. For a second confirmation, it was shown that the secondary antibody active sites could bind to the respective primary antibody and make the Ag-primary Ab-secondary Ab complex. Therefore, the photon count decreased when 1 μg/mL of secondary Ab was added on the primary Ab bound InNP substrate. The photon counts also gradually decreased after each addition of protein layers. When light passed through these layers, the photon value decreased down to 46 in the case of CRP added to a 10 nm substrate. The above phenomenon was also observed for the CRP treatment on a 20-nm InNP substrate, and a troponin I treatment on both thickness substrates. The 20 nm troponin I substrate also gradually blocked the photon counts down to 55. However, this change in the photon count was very high when the proteins were treated on a 10-nm InNP substrate compared to the 20 nm cases. Table 1 gives the detailed photon count deduction after the subsequent binding of proteins on the InNP substrate.
According to the results, proteins are more prone to be adsorbed on a 10-nm InNP substrate than that of a 20-nm InNP substrate. Therefore, the photon count varies with respect to the substrate thickness. The binding affinity of proteins on a nanoparticle substrate is known to be governed by various physical characteristics, such as the size, shape or specific type of metal nanoparticles and proteins used. 10, 22 Based on these results, a 10-nm InNP substrate is more suitable for analysis of the CRP and troponin I Ag-Ab interaction. For troponin I and 10 nm substrates, the correlation coefficient is 0.9927 for the primary Ab and 0.9821 for the secondary Ab. Likewise, the troponin I and 20 nm substrate correlation coefficient is 0.9889 for the primary Ab and 0.9770 for the secondary Ab. According to these results, the linearity of both protein interactions with the 10 nm substrate is found to be higher than that of the 20 nm substrate cases. Indeed, the better linearity of the 10 nm case supports more highly sensitive immunodetection results obtained by the CMOS image sensor. The BSA protein was used instead of cardiovascular disease markers in InNP substrates, which acted as a negative control, and the CMOS results helped to confirm the specific interaction of CRP and troponin I proteins with their respective antibodies. It should be noted that the photon count decreases after the adsorption of BSA protein on the InNP substrate, followed by no additional decrease in the photon count detected after the addition and incubation of unrelated CRP and troponin I primary and secondary Ab on the InNP substrates. This method evidently showed the prevention of non-specific Ag-Ab binding on the InNP substrate.
Thickness measurements
Optical measurements were carried out with spectroscopic ellipsometry, which is helpful to compare the thickness measurement and optical constants, such as the refractive index and the extinction coefficient of an InNP substrate with adsorbed and non-adsorbed protein. This experiment was carried out with a CRP 10 nm InNP substrate and a troponin I 20 nm substrate for a 100 μg/mL primary Ab concentration. The thickness measurement is helpful to determine the successful adsorption of Ag and Ab on an InNP substrate. Indium can be deposited on cover glass slides as nanometer-sized particles. 23 Thickness control is very difficult by a thermal-evaporation system in which the substrate thickness has been made to be approximately 10 and 20 nm. The substrates were measured by ellipsometry, and each thickness of the substrates showed a thickness increment of around 8 nm than the thermal evaporation gauge dispaly. Thus, the exact substrate thickness was found to be 18.59 and 28.77 nm for 10 and 20 nm thick substrates, respectively. The interaction of CRP Ag, primary Ab, and secondary Ab on a 10-nm InNP substrate showed a total thickness increment of up to 36.07 nm. Similarly, the troponin I protein layer thickness was observed with a 20 nm substrate, and we found the entire increment to be 37.02 nm. Table 1 clearly shows the thickness increment at the nm level after the adsorption of subsequent protein layers on the InNP substrates. Compared to the results obtained using the CMOS image sensor, the photon counts decreases as the film thickness increased on the InNP substrate. The thickness of 20 μg/mL concentration of CRP Ag added onto the 10 nm InNP substrate showed a 7.79-nm increment from a bare InNP substrate thickness with respect to high-affinity Ag adsorption. Further, 100 μg/mL of the primary Ab adsorption over a Ag added substrate resulted in a thickness of 32.19 nm, which is a 7.03-nm thickness increment. This is because of the Ag-primary Ab ratio, which is about 1:5, so that the chance for maximum adsorption of the primary Ab over Ag becomes lower. A 1 μg/mL concentration of secondary Ab was applied on the Ag-primary Ab coated substrate, where a 2.78-nm thickness increment was observed from 32.19 to 36.07 nm. However, in the case of troponin I protein on a 20-nm InNP substrate, the thickness increments were about 4.24, 2.15 and 1 nm after Ag, primary Ab, and secondary Ab adsorption, respectively. These increments in the 20 nm thickness substrate are comparatively lower than that for the 10 nm thick substrate. This result shows the same trend with photon count measurements based on the CMOS sensor, where the decrease in the photon count is lower for the 20 nm substrate than for the 10 nm substrate after subsequent protein binding. The 10 nm substrate is finally known to have high sensitivity and efficiency for protein adsorption.
Refractive index measurements
Each material has its own particular index of refraction, which determines the direction of light when it passes through a medium. Spectroscopic ellipsometry confirms the refractive index of the InNP substrate and protein adsorbed InNP substrate. This study shows the refractive index for CRP and troponin I protein and each layer of adsorption on an InNP substrate. The refractive index was measured at 450 nm because of the indium metal standard resonance band with a visible region at 450 nm. The 10 nm thickness of the InNP substrate shows a refractive index of 3.3518. The Ag adsorbed substrate also changes the refraction. The measurement was carried out for each adsorption of proteins for 10 and 20 nm of InNP substrates, Ag, primary Ab, and secondary Ab, as summarized in Table 2 . The refractive index was reduced from 3.3518 to 2.2946 for the 10 nm substrate, when the protein layer was increased on the substrate. The protein layer influences the refractive index, and is also capable of changing the direction of light. Depending on the type of substrates, the refractive index either increases or decreases with respect to increasing thickness of the substrate. Generally, an amorphous substrate's refractive index can be increased as the substrate thickness increases. However, the refractive index of a substrate with a crystalline structure can be decreased with increasing thickness. 24 Since the sputtering of indium is deposited as small nano particles, the refractive index should be decreased with increasing thickness from 10 to 20 nm substrates. Herewith, the 10 nm InNP substrate's refractive index was 3.3518; the value decreased to 1.6350 for the 20 nm substrate. The refractive index decreased after each addition of CRP Ag, primary Ab, and secondary Ab to the 10 nm InNP substrate; the values were found to be 3.1123, 2.9603 and 2.2946, respectively. The CRP and troponin I protein's refractive index values are shown in Fig. 3 for both substrate thicknesses.
Various substances, such as mica, glass, paper, certain metal oxides, and polyethylene, have different dielectric constants (ε). This dielectric material must be a good electrical insulator. 25, 26 The wavelength and velocity can be reduced by a factor of √ε when electromagnetic waves enter into the dielectric materials. The dielectric function can be calculated by ε = ñ 2 , which is the square of the refractive index. The dielectric constants results are given in Table 2 . Based on these results, a 10-nm substrate shows a higher dielectric constant than a 20-nm substrate, which shows that the dielectric constant decreases as the substrate thickness increases. Moreover, the dielectric constant decreased when the protein adsorbed on the InNP substrate. The 10-nm CRP substrate showed a dielectric value of 11.2345, which decreased up to 5.2651 with the respective addition of Ag, primary, and secondary Ab, respectively. It has been proved that 10 nm protein adsorbed substrates are better insulators than 20 nm substrates. Here, InNP substrate and protein adsorbed substrates act as a dielectric layer. It was also proved that there is no direct current involvement in the Ag-Ab interactions.
Extinction coefficient
The extinction coefficient helps to determine the amount of energy loss when light waves enter into the various thicknesses of the InNP substrate and protein-adsorbed InNP substrate. This is related to the absorption coefficient. Light is absorbed depending on the material and the wavelength of light when it passes through a medium. This determines the rate of the decrease in the intensity of light as it passes through the substrate; moreover, the frequency of the light waves is constant, but the wavelength changes for each material. The extinction coefficient gradually increases with increasing InNP substrate thickness.
As indicated, the 10 nm substrate extinction coefficient is 1.0672, whereas it is 2.1855 for the 20 nm substrate. The extinction coefficient should increase if the refractive index decreases with respect to increasing substrate thickness. 25 Thereby, the refractive index value decreased as the substrate thickness increased as a result of subsequent adsorption of the protein layers. The respective protein added on 10 nm and 20 nm substrate's extinction coefficients increased after each addition of Ag, primary Ab, and secondary Ab at 450 nm. The extinction coefficient increased after each addition of CRP Ag, primary Ab, and secondary Ab to the 10 nm InNP substrate, the values of which were found to be 1.0672, 2.0970, 2.6769 and 3.3809, respectively. Similarly, the extinction coefficient for the InNP substrate with troponin I also increased as 2.1855, 2.7378, 2.8433 and 3.4172 with respect to subsequent protein adsorption. The surface roughness might have an influence on some increase in the extinction coefficients. Figure 4 shows the extinction coefficient of CRP and troponin I protein.
This study determined the underlying mechanism of CMOS image sensor-based Ag-Ab detection. The photon count decreased when the protein layer increased on the InNP substrate. Along with a decrease in the refractive index, photons detected by the CMOS image sensor with the surface-treated substrates also decreased. Moreover, the refractive-index data are helpful to derive the dielectric constant and the extinction coefficient of protein adsorbed and non adsorbed InNP substrates. The results strongly support the CMOS-based results.
Conclusions
Photon count variation-based CMOS image sensing of the Ag-Ab interaction at fg/mL concentration has been achieved. The choice of simple detection in terms of digital numbers based on the CMOS image sensor shows one of the suitable candidates for other diagnostic studies. However, ellipsomety investigations provide a nanoscale thickness variation in relation to the concentration of Ag-Ab samples and layers on an InNP substrate. Measurements of the optical constants showed that the refractive index, dielectric constant and extinction coefficient, on the InNP substrate before and after the Ag-Ab interaction are critical factors governing the mechanism of immunodetection by the CMOS image sensor. A dielectric constant analysis proved that the electrical conductivity has no influence on the Ag-Ab interaction on InNP substrates. From the refractive-index analysis it has been found that the refractive-index change is an influencing factor for the photon count variation. The established technique can be easily incorporated into a smart phone for the development of portable point-of-care diagnostic devices. This will exploit the advancement of self-care analysis for various diseases conveniently by individuals on their own smart phones. More elaborate work concerning whole blood tests will be accomplished by this group.
